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Introduction
Indium is a post-transition metal of strategic importance. It has a broad spectrum of applications in high technology materials and products, such as liquid crystal displays and touchscreens, electroluminescent panels, thin film solar cells, cryogenic and ultra-high vacuum devices, highspeed transistors, light-emitted diodes and laser diodes, thermistors, solid-state batteries, nuclear reactor control rods, resistant to atmospheric corrosion mirrors, dental alloys, rewritable CDs and DVDs, etc. As a low-melting metal (156.6°C) with a relatively low toxicity, indium could be used instead of some hazardous elements (Hg, Pb) in relays and solders. However, its high and fluctuating price is limiting these applications [1] .
Indium is a very dispersed rare element in the Earth's crust (0.1 µg g -1 ) [1, 2] . Fewer than 10 indium minerals are known, such as dzhalindite (In(OH) 3 ), indite (FeIn 2 S 4 ), roquesite (CuInS 2 ), laforetite (AgInS 2 ), and yanomamite (InAsO 4 •2H 2 O), but none of these occur in significant deposits [1, 3] . That is why indium is commonly produced from residues generated during zinc-lead ore processing [1, 4] . Other important sources of indium could be minerals containing tin, cuprum and iron (e.g. stannite, cassiterite, and chalcopyrite) [3, 5] . There is an opinion based on the indium content in the aforementioned ore deposits and the supposed annual indium consumption will exhaust the world's indium reserves in several decades [6] . In order to ensure a long-term supply of indium, sufficient to meet increasing future demands, recycling [7] [8] [9] [10] and new mining investments are required [8] . In relation to this is the importance of developing new reliable procedures for indium extraction and sensitive determination [11] .
It is known that indium(III) forms intensively colored chelates with azocompounds, such as 2,2';3,4-tetrahydroxy-3',5'-disulphoazobenzene (Tetrahydroxyazon 2S) [12] , 4-(2-pyridylazo)resorcinol (PAR) [13] [14] [15] [16] [17] [18] [19] [20] , bromo-and methyl-derivatives of PAR [20, 21] , 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (BPDEAP) [22] , 1-(2-pyridylazo)-2-naphthol (PAN) [16, 20, [23] [24] [25] [26] , 2-(2-pyridylazo)-1-naphthol-4-sulphonic acid (PAN-S) [27, 28] , 4-(2-quinolylazo)resorcinol (QAR)
Complex formation and liquid-liquid extraction were studied in systems containing indium(III), 4-(2-pyridylazo)resorcinol (PAR), tetrazolium salt (TZS), water and chloroform. Two different TZS were used: 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT). 
Experimental procedure

Reagents and apparatus
The stock indium(III) solution (100 mL) was prepared by mixing anhydrous InCl 3 from Alfa Aesar (99.99% metal basis; ca. 0.2000 g), 5 mL 1:1 HCl and distilled water. Working solutions (C In(III) =1×10
-4 mol L -1 ) were prepared by diluting appropriate volumes of the stock
solutions of the reagents PAR (Fluka AG), TTC (Loba Feinchemie) and MTT (Merck) were used. The organic solvent was chloroform (redistilled). The acidity of the aqueous medium was set by the addition of buffer solution, prepared by mixing 2 mol L -1 aqueous solutions of CH 3 COOH and NH 4 OH and the resulting pH was checked by HI 83140 pH meter (Italy). A Camspec M508 spectrophotometer (United Kingdom), equipped with 5 and 10 mm path-length cells, was employed for reading the absorbance.
Procedure for establishing the optimum operating conditions
Aliquots of In(III) solution, PAR solution (up to 3 mL), TZS solution (up to 3.0 mL) and buffer solution (2 mL; pH ranging from 5.9 to 10.2) were introduced into 125-mL separatory funnels. The resulting solutions were diluted with distilled water to a total volume of 10 mL. Then 10 mL of chloroform was added and the funnels were shaken for 0.5-5.0 min. A portion of the organic extract was filtered through filter paper into a cell and the absorbance was read against a blank.
Procedure for determination of the distribution constants
The distribution constants K D was found from the ratio K D = A 1 /(A 3 -A 1 ) where A 1 is the light absorbance obtained after a single extraction (at the optimum operating conditions -see Table 2 ) and A 3 is the absorbance obtained after a triple extraction under the same conditions. The single extraction and the first stage of the triple extraction were performed with 10 mL chloroform. The organic layers were transferred into 25-mL calibrated flasks and the flask for the single extraction was brought to volume with chloroform. The second stage of the triple extraction was performed by adding a 7-mL portion of chloroform to the aqueous phase, which remained after the first stage. The third stage was performed in the same manner. The two successive organic layers were transferred to the flask 
Results and discussion
Spectral characteristics and optimum operating conditions
The spectra of the complexes and blank samples are shown in Fig. 1 . The maxima in chloroform are recorded at 520 nm for the ternary compound with TTC (curve 1) and at 515 nm for the ternary compound with MTT (curve 2). These maxima are shifted to 5-10 nm as compared to the maximum of the binary In(III)-PAR chelate (curve 3, λ max =510 nm). The observed bathochromic effects are small and give us grounds to suggest the formation of ternary ion-association complexes. It could be judged from Fig. 1 that the absorbencies of both the ternary complexes are significantly higher than those of the binary In(III)-PAR complex in aqueous medium. The ternary complex with MTT has higher molar absorptivity at the optimum operating concentrations ( Table 2 , Fig. 1 ). An advantage of the system containing TTC is the lowest absorbance of the blank (Fig. 1 , curve 1'). The effect of pH on the extraction of the complexes is represented on Fig. 2. 
3.2.
The molar PAR-to-In(III) and TZS-to-In(III) ratios in the ternary complexes were determined by the equilibrium shift method [48] (Fig. 3) 
Composition of the complexes and reaction scheme
Ternary ion-association complexes between the indium (III) -4-(2-pyridylazo) −5 mol L -1 (Fig. 4) . The constants of distribution K D were determined by comparison of the absorbance values obtained after single extraction at the optimum conditions (A 1 ) and triple extraction (A 3 ): K D =A 1 / (A 3 -A 1 ). The association constants were calculated by the method of Komar and Tolmachev [48] (Fig. 5) or by the equation β = K ex / K D [51] . All calculations were carried out at a probability of 95%. The obtained values are presented in Table 4 . 
Beer's law and analytical characteristics
The validity of Beer's law was checked at optimum conditions ( Table 2 ). The law is valid up to 3.4 μg mL -1 indium(III) in both the cases (TZS = TTC or MTT). The following straight-line equations were obtained: Y=0.5752X+0.0008 (for the system containing TTC) and Y=0.6212X+0.0051 (for the system containing MTT). The corresponding molar absorptivity coefficients (6.6×10 4 L mol -1 cm -1 and 7.1×10 4 L mol -1 cm -1 ) show that PAR+TZS could compete successfully with many spectrophotometric and LLE-spectrophotometric reagents for indium (Table 5) . Some other analytical characteristics investigated in the present work LLEsystems are included in Table 6 . Table 6 . Characteristics concerning the application of the ternary complexes for extractive-spectrophotometric determination of indium(III).
Conclusions
Analytical characteristics
In ( Ternary ion-association complexes between the indium(III) -4-(2-pyridylazo)resorcinol anionic chelate and some tetrazolium cations 3. The following key constants are calculated: constant of extraction (K ex ), constant of association (β), constant of distribution (K D ). The ion-associate involving MTT is slightly more stable and has higher apparent molar absorptivity coefficient (ε' = 7.1×10 4 L mol -1 cm -1 ). Advantages of the system involving TTC are the lower absorbance of the blank and the lower limits of detection and quantification (LOD=0.07 μg mL -1 , LOQ=0.24 μg mL -1 ).
4. The couple PAR-TZS could compete successfully with many reagents for the spectrophotometric and LLEspectrophotometric determination of indium(III).
